In vivo reflectance confocal microscopy shows promise for the early detection of malignant melanoma (MM). Two hallmarks of MM have been identified: the presence of pagetoid melanocytes in the epidermis and the breakdown of the dermal papillae. For detection of MM, these features must be identified qualitatively by the clinician and qualitatively through automated pattern recognition. A machine vision algorithm was developed for automated detection. The algorithm detected pagetoid melanocytes and breakdown of the dermal/epidermal junction in a pre-selected set of five MMs and five benign nevi for correct diagnosis.
INTRODUCTION
Malignant Melanoma (MM) is the most fatal form of skin cancer, with an estimated mortality rate of 14% [1] . The incidence of MM is increasing in the United States with an estimated 60,000 new cases last year alone in the US (an increase of over two percent from the previous year) [1] . Because of the tendency for MM's to metastasize, early detection and excision are critical. Melanomas are thought to originate in the dermal-epidermal junction (DEJ) and progress in lateral and vertical growth phase leading to metastasis.
The current methods of removing MM's include standard surgical excisions, chemotherapy, radiation therapy, and immunotherapy, each with varying success. The five-year survival rates for melanoma is approximately 90%, with percentages ranging from 100% (stage 0 removal) to less than 17% (stage 4) [2] . This work aims to exploit the optical sectioning capability of reflectance-mode confocal scanning laser microscopy (CSLM) to non-invasively survey the DEJ, noting the irregularities associated with malignancy. Comprehensive diagnosis and subsequent treatment of melanoma have so far required both reliable imaging technologies and the trained eye of a clinician for assessment.
The objective of this study was to create an algorithm to assist the clinician in diagnosing MM, specifically through computer vision of skin lesions. CSLM is a proven imaging modality, with the capability to offer axial resolution of 3-μm [3] and fields-of-view up to centimeters [4] . Due to the backscattering nature of melanin (η = 1.72) in epidermis (η = 1.34), confocal imaging proves applicable in detecting subsurface melanocytes. Melanin is highly backscattering, and as such, provides good contrast for confocal imaging [5] .and heavily melanotic lesions appear with bright contrast.The limitations of imaging skin via confocal microscopy in vivo include the non-uniform density of the medium as well as the lack of penetration permitted by typical excitation wavelengths. With near-infrared excitation, a penetration depth of 350 μm can be achieved; sufficient for penetration and imaging of the superficial reticular dermis [6] . Recent studies by Langley et al. [7] [8] [9] [10] . The most prevalent histological hallmark of melanoma is the presence of pagetoid melanocytes above the basal layer which sometimes form irregularly sized nests. Pagetoid melanocytes or "pagetoid spread", pertaining to the lateral growth phase, are detectable in both conventional histopathology and confocal imaging. Since pagetoid melanocytes in suspicious lesions typically reside above the basal layer (i.e. <50 μm beneath the stratum corneum), they are easily penetrated by confocal wavelengths and imaged.
Our melanoma processing algorithm is derived from processing a 3D confocal (z) volume of images taken by a clinician of a suspicious lesion and deducing the z location of the first reflective surface (FRS) at each x-y position, where we believe the most superficial melanin resides. The FRS (the layer of images which exhibited greater reflectance than its adjacent layers in a confocal volume) was hypothesized to be either the DEJ for benign skin or the locations of the pagetoid melanocytes, which are generally above the DEJ. Thus by creating 3D surface plot of the FRS for each point, it is possible to identify atypical structures or cells based on the relative depth of their FRS.
The second objective of the study was to represent the surface plot in two dimensions (i.e. an overhead z-view), and create a masking algorithm to systematically highlight shapes such as circles and ellipses which resembled cells. The composition of the surface compilation algorithm and the masking algorithm directly processes the raw confocal volume into a 2D image which highlights suspected cellular structures such as pagetoid melanocytes at a high reflective surface.
MATERIALS & METHODS

Confocal Stacks
3D, in vivo confocal image-cubes were obtained through the Dermatology Service at Memorial Sloan-Kettering Cancer Center (New York, NY). Images were identified with study protocol numbers and patient care was completely unaffected. Ten patients, each with multiple lesions, were imaged in vivo and en face with a commercially available VivaScope 1500™ (Lucid Inc., New York) without any exogenous dyes. Point illumination was provided by a near infrared laser at 850 nm. A custom 30X water immersion objective lens with a numerical aperture of 0.9, coupled to the patient through a glass window with gel (n=1.34), provided a 500 μm field-of-view. The optical sectioning (axial resolution) was <3 μm and the lateral resolution was <1 μm. Stacks were acquired in reflectance mode from lesions in the chest, scalp, thigh, and cheek. Each stack composed of 60 layered images, with the distance between each successive z-layer being 1 μm deeper.
Machine Vision Algorithm
The image processing algorithm was created using MATLAB 7.4 ™ (Mathworks) coding and consists of several sub-algorithms, each which completed specific tasks. Raw confocal data was rearranged into a contiguous volume-cube matrix. Due to natural patient movement during imaging, the z-slices of confocal data are generally not aligned (x-y-shift between each layer). As such, an iterative guessing algorithm was developed to eliminate distortions caused by movement. The guessing algorithm shifts two successive images laterally until their error is minimized. The process is repeated for all the images in the stack and a new cube matrix is created and saved as a .mat file.
A second algorithm divided the volume into 700x700x60 equidistant point-volumes on the x- Since the penetrative power of the laser decays exponentially with imaging depth, it can be modeled with an inverse exponential (e) function. We used a exponential function to fit for the brightness of most superficial point-volume and axial decay rate. The predicted function assumes that there are no irregularities, such as the FRS, in the exponential axial decay. A backgroundcorrection was employed by subtracting the predicted function from the actual results, resulting in a straight light except for the location of the FRS where background correction curve exhibits a peak. The current limitation in this is number of points analyzed, which is limited by computing power.
A third algorithm, the masking algorithm, created a mask of a certain size and shape given a numerical function. A simple function used was an ellipse, which approximates the shape of pagetoid cells. By multiplying the original mask by a constant (the average pixel intensity of the composite surface plot), the modified mask is able to accurately represent the cellular shapes and intensities of the surface plot. The masking algorithm applies the mask across the surface plot and produces an error estimate (difference) relating the accuracy of the mask. A thresholding code eliminated correlations below a specified level thereby highlighting regions with high reflective surfaces and identifies pagetoid melanocytes. A second image of the error estimate is produced; if the error is low, the location will appear bright, and high errors appear dark. The second image highlighted locations in which the mask-to-plot error is low, thus identifying locations where pagetoid melanocytes might Epi be located. For instance, a cell would appear bright because the error or difference between the mask and itself is low, while collagen fibers would appear less bright because the error between the mask and the collagen fibers (which are not shaped like the mask) is high.
RESULTS
The combination of the surface plot of the FRS and the masking algorithms detected the depth of brightest reflectance and highlighted these locations of interest, making it unequivocally simpler to identify possible pagetoid melanocytes.
Once the algorithm fit the axial data for a particular z location of the FRS (illustrated in figure 1 ), the entire lateral data set (x-y optical section) was extracted from the image cube for verification. Figure 2 shows the x-y section for the FRS z, value found at the x-y point marked in red. A surface plot of the depth at which the brightest pixel is located was compiled from the analysis of each point, thus creating a contour map of the FRS for each and every point. The higher the FRS is for a given point, the higher it was represented in the surface plot. By taking the average of 700x700x60 (x,y,z) points for each volume, a fairly accurate surface plot of the entire sample can be compiled. An analogy for the surface plot of the FRS is a cross-sectional view of rolling hills with telephone poles. The varying heights of the hills represent the varying depths of the DEJ while each telephone pole represent a column that rises out of the hills, namely each pagetoid melanocytes. 
Masking algorithm
The surface plot created a gradient scale of the first reflective surface. In cases where the FRS was not broken severely by a pagetoid melanocyte, the masking algorithm produced images where the intensity in two dimensions (x-y) revealed the cellular morphology at the dermal epidermal junction regardless of the epidermis or stratum corneum. (Fig. 4a) shows cells. The highly valued red regions to in the left-center shows the identification of the pagetoid melanocyte. In this region, the shape of the cell, matched the shape of the mask well and the strong correlation enabled identification.
DISCUSSION
A feasible algorithm to facilitate the detection, of malignant melanoma will be of use to the clinician. The current method of detecting and diagnosing MM's include the ABCD (asymmetry, border, color, and diameter) method, followed by standard biopsies. New methods of detecting MM's, such as confocal microscopy, now offer an alternative non-invasive approach to detecting melanoma.
In this study, lesions which contain suspected pagetiod melanocytes were imaged using a confocal microscope in vivo, and the corresponding stack of images were analyzed using the machine vision algorithm. Because a cell is located in a 3D plane within the skin, going through a confocal stack to identify suspicious cells can be tedious. The object of the algorithm is to precisely locate suspect cells, and to aid in confirming the clinician's diagnosis. In our study, the algorithm correctly identified several cells, which correlated to the confocal image. Selected skin lesions were identified as dysplastic nevi through biopsies, some exhibiting the presence of pagetoid melanocytes. In order to further clarify the potential power of an automated detection algorithm, other hallmarks of malignant melanoma must be examined as well as examining a set of unequivocally malignant lesions. Other malignant features include the breakdown of the dermal-epidermal junction, cytological atypia, and irregular and confluent nests of melanocytes 11 . Further steps must be taken in order for this algorithm to describe the presence of melanoma accurately. Firstly, as mentioned previously, other features of melanoma must be taken into account in order for the clinician to make a clear diagnosis. Secondly, artifacts in the imaging must be taken into account since unusually bright or dark pixels tend to limit the accuracy of the both the raw data as well as the predicted function. Thirdly, a better mask can be made to describe the size and shapes of the cells in the stacks. The mask used in this study was an ellipse, although in many cases the morphology of atypical cells vary. In sum, the description of each of these factors varies from patient to patient, and the more information that can be processed, the more accurate the diagnosis.
Automated detection of melanoma is a novel alternative to typical biopsies. The development in confocal microscopy has led to potentially non-invasive methods of diagnosing skin cancer. The automated identification of possible tumors offers a supplement to the clinician's eye and may prove useful in making a diagnosis.
